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BACKGROUND OF THE INVENTION 



A. Field of the Invention 

The present invention relates generally to digital subscriber line (DSL) systems and, more 
particularly, to systems and methods that predict performance of DSL service on arbitrary 
5 telephone loops. 

B. Description of Related Art 

O Digital subscriber line (DSL) technologies use sophisticated modulation schemes to pack 

J;* data onto existing copper telephone lines (i.e., plain old telephone service (POTS) lines). DSL 
}]* technologies are sometimes referred to as last-mile technologies because they are used only for 
if) connections from a central office to a home or office, not between central offices. 
O It is envisioned that DSL service will be provided over a majority of the existing copper 

H telephone lines or loops. One of the more difficult aspects of providing DSL service is predicting 
fi which customer loops cannot support the DSL service, which customer loops can support the 

service, and predicting what level of service (e.g., data rates) these latter loops can support. 
1 5 Conventional systems roughly estimate the level of service supportable by these loops by 

performing metallic line tests to estimate the lengths of the loops. These tests, however, cannot 
determine the wire gauges of the loops or the presence of bridged taps. Both of these factors can 
have a major impact on DSL performance, leading to possibly inaccurate estimations by the 
conventional systems. 

20 As a result, a need exists for a method that more accurately predicts the level of DSL 

performance supportable by existing copper loops. 
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Systems and methods consistent with the present invention address this need by providing 
accurate DSL performance predictions by considering physical loop characteristics that 
determine the transmission capacity of a copper loop connecting the customer to the central 
office and the spectral interference associated with the loop (i.e., the external noise disturbances 
5 that further affect the transmission capacity of the loop). 

In accordance with the purpose of the invention as embodied and broadly described 
p herein, a system predicts digital subscriber line (DSL) performance on an existing telephone 
tfl loop. The system obtains a topological description of the existing telephone loop and identifies a 
Hi loop equivalent to the existing telephone loop from the topological description of the existing 
IQ telephone loop. The system then determines DSL performance for the equivalent loop. From the 



p DSL performance for the equivalent loop, the system predicts DSL performance for the existing 
O telephone loop. 

In another implementation consistent with the present invention, a method estimates 

digital subscriber line (DSL) performance on a telephone line. The method includes identifying 
15 an equivalent straight cable that corresponds to the telephone line; determining DSL performance 

on the straight cable; and estimating DSL performance on the telephone line based on the 

determined DSL performance on the straight cable. 

In yet another implementation consistent with the present invention, a method predicts 

asymmetric digital subscriber line (ADSL) performance on an existing telephone loop. The 
20 method includes determining characteristics and operating conditions of the existing telephone 

loop; calculating ADSL capacity of the existing telephone loop based on the determined 
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characteristics; identifying an equivalent loop based on the ADSL capacity and the determined 

operating conditions of the existing telephone loop; determining ADSL performance on the 

equivalent loop; and predicting ADSL performance on the existing telephone loop from the 

determined ADSL performance on the equivalent loop. 



5 BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in and constitute a part of this 
in specification, illustrate the invention and, together with the description, explain the invention. In 
P the drawings, 

Fig. 1 is a graph of frequency versus power for data transmission according to the 
}0 asymmetric DSL (ADSL) standard; 

O Fig. 2 is an exemplary diagram of a network upon which systems and methods consistent 

Q with the present invention may operate; 

Fig. 3 is a diagram of an exemplary device on which systems and methods consistent with 
the present invention may be implemented; 
15 Fig. 4 is a flowchart of exemplary processing for predicting ADSL performance on an 

arbitrary customer loop; 

Fig. 5 is an exemplary diagram of a three segment cable that includes a bridged-tap; 

Figs. 6 and 7 are diagrams of two exemplary loops with bridged-taps; 

Figs. 8 and 9 are graphs that illustrate calculated and measured insertion loss for the two 
20 exemplary loops of Figs. 6 and 7, respectively; 
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Fig. 10 is a graph that illustrates loss curves for the loop of Fig. 6 and an equivalent 
straight 26-gauge cable; 

Fig. 1 1 is a graph that illustrates the effect of bridged-taps on the length of a straight 26- 
gauge cable; 



Fig. 13 is a graph that illustrates power spectral density (PSD) associated with potential 
crosstalk interferers. 



f n The following detailed description of the invention refers to the accompanying drawings. 

(IP The same reference numbers in different drawings identify the same or similar elements. Also, 
13 the following detailed description does not limit the invention. Instead, the scope of the 



J j invention is defined by the appended claims and equivalents. 

The following detailed description will be described in terms of digital subscriber line 
(DSL) service and, in particular, in terms of asymmetric DSL (ADSL) service. In other 
15 implementations consistent with the present invention, other types of DSL service may be used. 
According to the ADSL standard, the downstream transmission of data (i.e., from a server to a 
client) is typically much faster than the upstream transmission (i.e., from the client to the server). 

The upstream and downstream channels may be considered as two independent paths. 
Fig. 1 is a graph of frequency versus power for data transmission according to the ADSL 
20 standard. According to the standard, POTS transmissions use frequencies up to approximately 4 



5 



Fig. 12 is a diagram that illustrates two possible crosstalk situations; and 



DETAILED DESCRIPTION 



4 





EXPRESS MAIL NO. EK673490085US 



PATENT 
DOCKET NO. 00-8015 



kHz. Upstream ADSL transmissions use frequencies from about 20 kHz to 140 kHz and 
downstream transmissions use frequencies from about 140 kHz to 1.1 MHz. 

Systems and methods consistent with the present invention predict DSL performance for 
existing telephone loops by considering physical loop characteristics and spectral interference 
associated with the loops. These considerations lead to more accurate predictions of the DSL 
performance over the estimations of conventional systems. 



Fig. 2 is an exemplary diagram of a network 200 upon which systems and methods 
consistent with the present invention may operate. The network 200 may include central offices 
210 connected to customer equipment 220 and a network 230. The central offices 210 may 
include conventional telephone switches that connect the customer equipment 220 to the network 
230 for communication. The customer equipment 220 may include a telephone, a personal 
computer, or another type of communications device. The customer equipment 220 may connect 
to the central offices 210 via standard copper twisted pair telephone lines or loops. The network 
230 may include one or more networks, including a public telephone network, such as the public 
switched telephone network (PSTN), or another type of network, such as the Internet. 



EXEMPLARY NETWORK 



EXEMPLARY DEVICE 
Fig. 3 is a diagram of an exemplary device 300 on which systems and methods consistent 
with the present invention may be implemented. The device 300 includes a processor 310, main 
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memory 320, a read only memory (ROM) 330, storage device 340, bus 350, input device 360, 

output device 370, and communication interface 380. 

The processor 310 may include any type of conventional processing device that interprets 

and executes instructions. Main memory 320 may include a random access memory (RAM) or a 

5 similar dynamic storage device. Main memory 320 stores information and instructions for 

execution by processor 310. Main memory 320 may also be used for storing temporary variables 

p or other intermediate information used during execution of instructions by processor 310. ROM 

P 330 stores static information and instructions for use by the processor 310. It will be appreciated 

ill that ROM 330 may be replaced with some other type of static storage device. The storage device 

r ;"s 

%0 340 may include any type of magnetic and/or optical recording medium and its corresponding 
p drive. Storage device 340 may store data and instructions for use by the processor 310. The bus 
O 350 may include a set of hardware lines (i.e., conductors) that allows for data transfer among the 
*;f components of the device 300. 

The input device 360 may include one or more conventional devices that permit an 
15 operator to interact with the device 300, such as a keyboard, a mouse, biometric mechanisms, etc. 
The output device 370 may include one or more conventional devices that present information 
from the device 300 to the operator, such as a printer, a monitor, a pair of speakers, etc. 

The communication interface 380 permits the device 300 to communicate with other 
devices/systems via any communications medium. For example, the communication interface 
20 380 may include a modem or an Ethernet interface to a LAN. Alternatively, the communication 



6 



EXPRESS MAIL NO. EK673490085US 



PATENT 
DOCKET NO. 00-8015 



interface can include any other interface that enables communication between the device 300 and 
other devices or systems. 

As will be described in detail below, a device 300, consistent with the present invention, 
predicts ADSL performance on existing telephone loops. The device 300 may perform this task 
5 in response to the processor 310 executing sequences of instructions contained in a computer- 
readable medium, such as memory 320. A computer-readable medium may include one or more 
memory devices and/or carrier waves. The instructions may be read into the computer-readable 
medium from another computer-readable medium, such as the storage device 340, or from 
r ii another device via the communication interface 380. 

■a ; - 
r :™ 

fli© Execution of the sequences of instructions contained in memory 320 causes the processor 



310 to perform processes that will be described later. Alternatively, hardwired circuitry may be 
used in place of or in combination with software instructions to implement processes consistent 
with the present invention. Thus, the present invention is not limited to any specific combination 
of hardware circuitry and software. 



Fig. 4 is an exemplary flowchart of processing for predicting ADSL performance on an 
arbitrary customer loop. One of ordinary skill in the art may appreciate that this processing may 
be performed by the device 300 or one or more other devices. 

Processing may begin with the device 300 obtaining a topological description of the 
20 customer loop [step 410]. The topological description may include such factors as the operating 
frequency, length, gauge, temperature, and insulation type of the loop. The device 300 may 
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obtain the topological description by operator input, database retrieval, or other ways. For 

example, information regarding a particular customer loop may be stored in a database or the 

information may be gathered by a line technician who inspects the loop to determine the 

topological information. 

5 The device 300 may then determine the transfer function of the customer loop [step 420], 

possibly based on the loop's insertion loss. A loop's insertion loss may increase with frequency, 

r : =: 

*;f length, and gauge (e.g., a 26-gauge cable is smaller and has more loss than a 24-gauge cable). 
^ Temperature and insulation type have less effect on loss. Straight lengths of cable have a 
jlj smoothly monotonic increase in loss with frequency (i.e., more negative on a dB scale), while 

* \=- 

~ ! S 

OP bridged-taps on a loop introduce spectral nulls, giving a dip in the loss curve. Straight cables, 
^ f also known as straight-through cables, have each internal twisted pair of wires connected to the 
V\ same pin number at each end of the cable. 

n The device 300 may determine the loop's insertion loss using the physical constants R 

(resistance), L (inductance), C (capacitance), and G (conductance) that characterize the type of 

15 twisted pair wire in the customer loop. The constants are functions of frequency, gauge, 
temperature, and insulation type for a given length of cable and are available as tables (for 
example as an appendix in the ISDN Standard, T 1.601). 

Given the twisted-pair physical constants, the propagation constant of a loop may be 
defined as: 
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Fig. 5 is an exemplary diagram of a three segment cable 500 that includes a bridged-tap. 
The device 300 may use a three-port network model to determine the complex transfer function, 
H(f), of the cable 500 from: 



H (f)= — T e ~ y ^ e' y ^ 



where d x is the length of segment x and the bridged-tap impedance is: 



cosh (y 3 d 3 ) 
sinh (73^3) 



The device 300 may determine the transfer function of the customer loop by assembling 
appropriate three-segment pieces of cable. The insertion loss is then the real part of H(f), 
15 expressed in dB. 
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From the transfer function H(f)> the device 300 may determine the ADSL capacity of the 
customer loop [step 430]. Consider, for example, two loops with bridged taps. Figs. 6 and 7 are 
diagrams of these two exemplary loops 600 and 700, respectively. The loop 600 includes five 
segments 610-650. Each of the segments 610 and 640 includes a 26-gauge cable, 500 feet (152.4 

5 meters) in length. The segment 620 includes a 26-gauge cable, 6250 feet (1905 meters) in 

length. Each of the segments 630 and 650 includes a 26-gauge cable, 1000 feet (304.8 meters) in 

I length. 

J! The loop 700 also includes five segments 710-750. The segment 710 includes a 26-gauge 

3 

1 cable, 4000 feet (1219.2 meters) in length. The segment 720 includes a 26-gauge cable, 6000 



flp feet (1828.8 meters) in length. Each of the segments 730 and 740 includes a 24-gauge cable, 500 
U feet (152.4 meters) in length. The segment 750 includes a 26-gauge cable, 1000 feet (304.8 

■8 

|H meters) in length. 

'■3 

Figs. 8 and 9 are graphs that illustrate calculated and measured insertion loss for loops 
600 and 700, respectively. The measurements were taken in an ADSL test bed using twisted pair 
15 cables on spools. As shown by the figures, the match between the calculated and measured loss 
is fairly close, considering that the values of the physical constants R, L, C, and G given by the 
ISDN Standard, T1.601 may not exactly match the cable in the test bed. 

ADSL modems cannot generally use frequencies with losses below -80 dB. Thus, the 
device 300 may determine the loop's ADSL capacity by integrating the loss curve, such as the 
20 loss curves shown in Figs. 8 and 9, for all frequencies with losses between -80 and 0 dB (i.e., the 
area below the curve down to -80 dB). Because the upstream and downstream paths differ for 
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ADSL service, the device 300 may treat the upstream and downstream paths separately, as two 

independent paths. In other words, the device 300 may determine the ADSL capacity for each of 

the upstream and downstream paths. Assume, for example, that the device 300 determines the 

capacity of the upstream and downstream paths of loop 600 (Fig. 6) from the graph shown in Fig. 

8 as 6193.56 and 2518.31, respectively. 

The device 300 may then convert the ADSL capacity to an equivalent straight 26-gauge 

loop [step 440]. The device 300 may accomplish this conversion by an inverse table look-up 

operation or by other ways. For example, a table may be created that relates different lengths of 

straight 26-gauge cables to ADSL capacity. The table may be created by performing ADSL 

capacity determinations for a large number of lengths of straight 26-gauge cable to derive the 

relationship between 26-gauge length and capacity. Then for an arbitrary customer loop, the 

device 300 may determine the loop's capacity and compare it to the equivalent capacity for a 

given length of a 26-gauge loop. 

From the ADSL capacities of the upstream and downstream paths of the loop 600, 
assume, for example, that the device 300 determines that the equivalent length of the upstream 
path is a straight 26-gauge cable, 9407 feet (2867.2536 meters) in length and the equivalent 

length of the downstream path is a straight 26-gauge cable, 9030 feet (2752.344 meters) in 
length. 

Fig. 10 is a graph that illustrates loss curves for the loop 600 and the equivalent straight 
26-gauge cable. In the graph, the solid line corresponds to the loop 600 and the broken dotted 
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line corresponds to the equivalent straight 26-gauge cable for the upstream and downstream 

frequency bands. As the graph shows, the equivalent straight 26-gauge cable has an insertion 

loss similar to the loop 600. 

The device 300 may consider several factors in determining the appropriate length of the 
5 straight 26-gauge cable. For example, bridged-taps, gauge, temperature, and insulation may be 
factors that the device 300 uses to determine the cable length. 

I j 

ijj Fig. 1 1 is a graph that illustrates the effect of bridged-taps on the length of a straight 26- 

ul gauge cable. The graph shows an equivalent 26-gauge length of two cables, both 9000 feet 
=;f (2743.2 meters) of 26-gauge cable with either a 24 or 26-gauge bridged-tap. The equivalent 26- 
T0 gauge length is plotted against the length of the bridged-tap. For the downstream path, below 
,3 about 50 feet (15.24 meters) of bridged-tap, the effect of the tap may simply be added on to the 
• J loop length. At about 200 feet (60.96 meters) of tap, however, the downstream effect is 

S 

^ magnified almost by five. Both gauges of tap eventually reach a constant downstream impact at 
between 600 and 700 feet (between 182.88 and 213.36 meters) of 26-gauge cable, regardless of 

15 their length. The taps need to be longer to affect the upstream path, but the overall impact may 
be greater. With a 1300 foot (396.24 meter) tap, an equivalent upstream length of 1450 - 1700 
feet (441.96 - 518.16 meters) may be added to the loop. Tap locations other than at the cable 
end, or multiple taps, may give different results. 

The effect of gauge, temperature, and insulation may be more linear. Table 1 shows the 

20 possible impact of changing the gauge, temperature, or insulation of an exemplary cable, such as 
a 26-gauge, 70° F, plastic insulated cable (PIC). 

12 
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Direction 


Gauge from 
26 to 24 


Temp, from 70° 
to 120° 


Insulation from 
PIC to Pulp 


Downstream 


1.43 


0.92 


0.99 


Upstream 


1.28 


0.94 


0.92 



TABLE 1 

From Table 1, the result of changing from 26 to 24-gauge cable is a 43% increase in downstream 
reach and a 28% increase in upstream reach. The result of increasing temperature from 70° F to 
120° F decreases the downstream reach by 8% and the upstream reach by 6%. The result of 
changing the insulation from PIC to pulp decreases the downstream reach by 1 % and the 
upstream reach by 8%. 

Once the device 300 identifies the equivalent straight 26-gauge loop, the device 300 
determines the ADSL performance for the straight loop [step 450]. The device 300 may make 
this determination from previously-obtained ADSL performance data. For example, the device 
300, or one or more separate devices, may perform tests or simulations on straight 26-gauge 
loops of various lengths under various crosstalk conditions to determine ADSL performance. 

The device 300 may then use the performance data or record it in a memory, database, or table 
for later retrieval. 

Twisted-pair cables are typically bundled together into binders when they are deployed. 
Electromagnetic coupling between nearby pairs causes crosstalk of the signal on one pair into 
another pair. Fig. 12 is a diagram that illustrates various crosstalk situations. When a receiver is 
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subjected to crosstalk by a transmitter in a nearby location, it is called near-end crosstalk 

(NEXT). When the interfering transmitter is at the far location, it is called far-end crosstalk 

(FEXT). FEXT power may be attenuated by the distance to the receiver. NEXT power, 

however, may not be distance-attenuated and may have a greater impact on the weaker received 

5 signal. Self-NEXT occurs when the near-end crosstalk is from a similar line code (i.e., 

occupying the same portion of the spectrum). 

r 3 Significant sources of crosstalk to ADSL (and vice versa) include integrated services 

111 digital network (ISDN), high-bit-rate DSL (HDSL), Tl, and ADSL itself. Fig. 13 is a graph that 

til 

\ r * illustrates power spectral density (PSD) of the crosstalk seen by a pair from one line of each of 

Si ^ 
.= is. 

=ij0 the interferers. Tl is a special case. Its crosstalk is known to be so harmful to ADSL that it is 

3 

£15 typically recommended that no Tl pairs occupy the same binder with ADSL. The graph shows 

\2 

Q the PSD of Tl crosstalk from an adjacent binder. The PSD of the ADSL NEXT and FEXT are 

: i 

S3 shown for the downstream transmission. 

The frequency allocation for ADSL (as specified by the standard) was shown in Fig. 1 . 
15 From the graph of Fig. 13, it is apparent that Tl NEXT is the worst interferer for downstream 
ADSL transmission and HDSL NEXT is the worst for upstream ADSL transmission (band from 
20 to 140 kHz). ADSL NEXT is generally not a problem for upstream ADSL in a frequency 
division multiplexed (FDM) ADSL system (as shown in Fig. 1, the upstream and downstream 
frequencies do not overlap), but can be a problem for echo-canceled systems where the 
20 frequencies do overlap. 

In one implementation consistent with the present invention, the test conditions for 
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determining the ADSL performance of the straight 26-gauge cables include: 384 Kbps upstream 
against 24 ISDN lines; 64 Kbps upstream against 20 HDSL lines; and 1.5 Mbps downstream 
against 4 adjacent Tl lines. To predict performance, tables of performance for the specific 
modem used in the field may be generated. 

5 Table 2 shows predicted and actual speedport margins against the various crosstalk 

conditions for loops 600 (Fig. 6) and 700 (Fig. 7). A 2 dB accuracy of predicted margin 
ii corresponds to about 500 feet (152.4 meters) of equivalent cable length. 





Loop 600 


Loop 700 


Condition 


Predicted 


Measured 


Predicted 


Measured 


24 ISDN-Up (384K) 


15.2 


15.37 


11.0 


10.38 


20 HDSL-Up (64K) 


15.0 


12.93 


11.0 


11.06 


4Adj.Tl-Down(1.5M) 


11.5 


9.1 


3.4 


1.07 



TABLE 2 



10 Using the ADSL performance for the equivalent straight 26-gauge loop, the device 300 

predicts the ADSL performance on the customer loop [step 460]. In some implementations 
consistent with the present invention, the device 300 also uses information regarding the spectral 
interference conditions associated with the customer loop. The device 300 may obtain this 
information from a human operator, a database, or some other source. In alternate 

15 implementations, the device 300 may use a worst-case or average performance estimate as the 
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predicted ADSL performance. 



CONCLUSION 



Systems and methods consistent with the present invention accurately predict DSL 
performance on existing telephone loops by considering the physical characteristics of the loops 
and the spectral interference associated with the loops. 

The foregoing description of preferred embodiments of the present invention provides 
illustration and description, but is not intended to be exhaustive or to limit the invention to the 
precise form disclosed. Modifications and variations are possible in light of the above teachings 
or may be acquired from practice of the invention. For example, while the equivalent straight 
cable has been described as a 26-gauge cable, in other implementations consistent with the 
present invention, the cable may include cable of another gauge. The scope of the invention is 
defined by the claims and their equivalents. 
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